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1.1 NICLSAR FISSION 
(a) INTRODUCTION 
Nuclear fission is a process by wbicb a nucleus splits 
into two or more lighter nuclides either spontaneously or after 
the original nucleus absorbs various particles such as neutron, 
o6-particle, deuteron, pboton etc, or V-rays. The explanation 
1 
of fission was first given by Hahn and Strassman in 1939 on 
the basis of a nuclear liquid drop model. According to the 
liquid drop model a nucleus is divided into two smaller nuclei 
Just as a drop of liquid which is set into vibrations,may split 
into two drops. The stability of nuclei has been discussed in 
terms of cohesive short range nuclear forces analogous to 
surface tension and electrostatic forces of repulsion. Since 
fission is a complex process, it can be described as a sequence 
of events starting with the formation of the excited compound 
nucleus and ending with the decay into the radioactive fission 
products. Therefore, it may be divided into three events, i.e. 
the intermediate transition state of the nucleus ,the scission 
2 
configuration and postscission phenomena. Meitner and Frisch 
recognised that if a nucleus is divided into two fragments of 
comparable mass, the mutual coulomb repulsion of the fragments 
would result in a total kinetic energy of about 200 MeV, an 
amount of energy available from the difference in the masses of 
the original nucleus and the two fragment products. A number of 
reviews on various aspects of fission has been published . 
The only naturally occurring nucleus that can be fissioned with 
tbermal neutrons is U wbich constitutes 0,71% of naturally 
occurring uranium. When a nucleus of high atomic numher 
undergoes fission, almost equal parts of fission fragments are 
produced. The fission fragments may hecome stahle hy ejecting 
one or more neutrons or by the emission of beta-particles after 
conversion of neutron into proton. Fission into more than two 
intermediate mass fragments is extremely rare. The fission 
fragments can be anyone of the nuclides lying in centre third 
of the periodic table. It was then predicted from the systematics 
of stable nuclides and from the semiempirical binding energy 
formula that the product nuclei would have very much energies 
and would produce large number of ion pairs in passing through 
Ik 
a gas. The maximum yield occurs for mass numbers near 95 and 
1(»0. The energy released for fission of uranium has been 
estimated to be around 200 MeV. About 170 MeV of this energy 
is provided as the kinetic energy of the fission fragments, only 
very small fraction goes to all fission neutrons which are 
emitted virtually instantaneously and are called prompt neutrons. 
According to the compound nucleus theory, these are the neutrons 
which are boiled off from the highly excited compound nucleus. 
In case of U, only 0.64% delayed neutrons are emitted having 
a time lag of several seconds to more than a minute after the 
fission. They arise out of the radioactive decay of a fission 
fragments. The energy distribution consists of two distinct 
fragment groups having mean energies of about 70 and 100 MeV. 
Uxcitation of a nucleus by direct reaction to induce fission is 
an especially important process for studying the transition states 
in an even-even nucleus where It Is possible to make ffleasurements 
at excitation energies corresponding to negative neutron energies 
for the appropriate neutron capture reaction. The information 
about nuclear states at the deformed saddle configuration can be 
derived from fission fragment angular distributions. The 
application of direct reactions to excite even-even nuclei and 
the study of the fission fragment angular distributions were 
reported for the (d,pf) reaction by Britt and others and the 
(06, 06 f) reaction by Wilkins et al. Similar correlations for 
17 
odd A transition nuclei were first studied by Vandenbosch et al. 
The introduction of excitation energy by a direct reaction allows 
us to study fission at energies below the barrier. In contrast 
to this, neutron-induced fission can be used only at excitation 
energies exceeding the neutron binding energy. Since even-even 
final nuclei are produced by neutron capture on nuclei with odd A 
and odd N, the lowest possible excitation energy usually exceeds 
to some extent,the fission barrier. Hence, it is not possible to 
study the near-barrier transition states of oven-even nuclei by 
the neutron capture reaction. The (o&,o6f) reaction on even-even 
targets gives very large fission fragments anisotropies near 
threshold excitation. 
(b) MASS DISTRIBUTION OF FISSION FRAG^ ITSNTS 
The mass distribution is the most important characteristic 
of the fission process. Although a large amount of experimental 
results on the mass distribution in fission for various nuclei 
under a variety of conditions has been available for a number of 
4 
years, no suitable theory yet exists which explains all the 
ohservatlons. It Is experimentally well known that the mass 
distribution for a particular system changes with excitation 
energy and also It depends on the mass number A of the nucleus, 
14 235 
undergoing fission. The mass yield curves for fission of U 
with thermal and 14 MeV neutrons are shown in figures 1.1 and 1,2, 
One of the most striking features of low energy fission is the 
asymmetric double peaked distribution with a maximum yield shown 
for mass numbers near 95 and 140 and comparative rarity of 
symmetric fission. As the energy of the neutrons which are 
inducing fission is increased, the symmetric mass yield increases. 
With 14 MeV neutrons the symmetric yield has increased by about 
a factor of 100, The median mass number at half maximum height 
of the heavy group is approximately a constant, whereas the same 
quantity for the light group varies to account for the total mass 
of the fissioning system. The nearly constant position of the 
light side of the heavy peak has been observed for a large number 
of fissioning nuclei. The twin-peaked asymmetric mass distribu-
tions of heavy nuclei are characteristic not only of neutron-
induced fission but also of photo and charged particle Induced 
fission. The fission product mass distribution curves obtained 
from the fission of "^  U with \ e ions of various energies is 
shown in figure 1,3, Like neutron-induced fission of ^^ U, 
4 238 
the symmetric yield for He ion Induced fission of U also 
increases with energy. The average excitation energy at which 
fission occurs does not Increase as fast as the projectile 
energy due to contributions from second and higher chance fission. 
10 'J 
O 01 -
0 001 -
no i30 
Moss 
150 170 
Figure l.l Fission product mass yield curve for thermal neutron 
235 induced fission of U. 
1 0 
3 ^' 
001 
0001 
70 80 90 too 110 120 130 «40 150 t€0 170 
Moss 
Figure 1.2 Fission product mass yield curve for the fission 
of ^V induced with 14 MeV neutrons. 
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Flgurn 1.3 Fission product mass yield distributions for helium-
238 ^ ion-induced fission of U. The lie projectile 
energies are given in the figure. 
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The primaiy fission fragment mass distributions obtained 
with k2 MeV ^ e ions incident on ^^^Bi;hy 29.4 MeV ^He ions 
238 4 238 
Incident on U and 42.0 MeV He ions on U are shown in 
figure 1,4. 
(c) BNEEGY DISTRIBI3TI0N OF FISSION FRAGMENTS 
The kinetic energy distribution of the fission fragments 
is similar to the mass distribution curve. If the nucleus which 
is being fissioned to have been Initially at rest and the mass of 
the Incoming particles to be negligible as compared to the masses 
of the other fission components, the two fission fragmpnts F. and 
Fg (assuming bl-fission) must go out with numerically equal but 
opposite momenta 
and 
"l^i 
their 
«2 
2 2 
energy ratio 
i m^v/ 
must be 
1.1 
1.2 from equation 1.1 
An experimental determination of the product energies 
leads, therefore, to information about the mass distribution of 
the fission fragments. A graph between energy and number of 
counts shows asymmetry of the fission fragment energies (Figure 1.5), 
Of the available energy released in fission, by far the largest 
9 
Fl.ur. U . Primary .ission-.ra,.ent .ass yiel. .istri.utions .or 
helxum-ion-induced fission of 209^^ ^ ^^ 238^^ 
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Figure 1,5 Energy distribution of fission fragments from 
235 
U with thermal neutrons. 
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fraction of energy released goes into the kinetic energy of the 
fragments. 
(d) ENERGY RELEASED IN FISSION 
The average amount of energy released per fission can 
be explained from the inspection of binding energies of atomic 
nuclei. The binding energy of the elements near the middle of 
the periodic table (A « 120) is of the order of 8.5 MeV per 
nucleon in contrast to the binding energy of approximately 
7.6 MeV per nucleon in the Uranium region of the periodic table 
( A « » 2 4 0 ) . If a heavy nucleus {A^ 240) splits into two fragments 
of roughly equal masses (ASS*120), the increased binding energy 
per nucleon will be released as the kinetic energy of the 
fragments and in the form of other various types of radiations. 
This anticipated energy release comes out to be about 220 MeV. 
As the heavier nuclei are richer In neutrons than the 
Intermediate nuclei, fission process results In the release of 
two or more neutrons per fission event. Some of the energy is 
spent in this neutron release and so the net energy release comes 
out to be of the order of 200 MeV per fission. Most of this 
energy (about 160-170 MeV) appears as the kinetic energy of 
fission fragments. Kinetic energy of neutrons released In 
fission is («*5 MeV) and the rest goes to the various radiations 
like ^  and V-emissions. 
There are much variations in the kinetic energy release 
from event to event. These variations simply reflect the 
12 
distribution of nuclear elongations at the scission point. The 
width of the total kinetic energy distribution curve is found 
to increase with both the excitation energy of the fissioning 
2 , 
nucleus and the Z /A value of the fissioning nucleus. Total 
kinetic energy release in fission depends on the mass division, 
excitation energy, angular momentuiB and charge division. 
(e) ANGULAR DISTRIBUTIONS OF FISSION FRAGMENT 
Angular distributions of fission fragments have been 
studied in the excitation region upto several tens of MeV for 
many targets and for a variety of projectiles including neutrons, 
21-23 
protons, deuterons, <5C-particles and heavy ions . Main 
features of these studies are as follows: 
( i) The fission fragments havethe largest differential 
cross-section in the forward and backward direction along 
the beam. 
( ii) The largest anisotropies havebeen observed for the heaviest 
projectile and the smallest anisotropies from neutron and 
proton bombardment. 
(ill) Whenever a threshold is reached where the fission in 
residual nucleus which is left behind after the evaporation 
of some definite number of neutrons, becomes energetically 
possible*, the anisotropy increases. 
( Iv) The anisotropies are approximately the same for odd-A 
targets and even-even targets. 
/ \ 2 
( v) As the values of Z /A of the target increases, the 
anisotropy decreases. 
13 
Angular distribution of fission fragments depends on 
the angular momentum brought in by the projectile and the 
fraction of this angular momentum which is converted into orbital 
angular momentum between the fragments. This fraction is 
characterized through a parameter K, which is defined as the 
projection of the angular momentum J on the nuclear symmetry axis. 
1.2 THEORY OF NUCLBAR FISSION 
(a) LIQUID DROP MODEL 
Theoretically, nuclear fission is explained on the basis 
of 'Liquid Drop Model', This model is capable of explaining 
some of the chief features of nuclear fission and gives fair 
agreement with many experimental results. This model is based 
on the Weizsacker semiempirical mass equation. The first and 
dominant term in the mass equation is proportional to the nuclear 
volume and expresses the fact that the nuclear binding energy is 
proportional to the number of nucleons. 
The first thorough theoretical explanation of the fission 
event based on the liquid drop model of the nucleus was given by 
Bohr and Wheeler . They assumed the nucleus to be the drop of 
an incompressible, electrically charged nuclear fluid which when 
not under the action of any external force adopts a spherical 
shape. The forces in the nucleus are the short-range charge-
independent nucleon forces between nucleons and the coulomb 
repulsive forces between protons. The nuclear forces are compared 
with the surface tension force of a liquid. The nuclear shape 
Ik 
represents a balance between the short range attractive forces 
and the couloiBb repulsive forces. The surface tension effect 
and the coulomb effect have been calculated with the help of 
the empirical mass formula. When a heavy nucleus is excited 
through the capture of an incident particle, surface oscillatlott 
are set up in the liquid drop which distort it from its original 
shape. The coulomb energy tries to deform the drop even more. 
If the excitation energy is high enough, the coulomb energy can 
overcome the surface energy and the nucleus separates into two 
or more intermediate masses. 
Prom the potential energy changes associated with nuclear 
distortion of a snhere, taking small distortions and for small 
axially symmetric distortions, the radius can be written as 
R(e) = R^L^ * <^^2 (*^ oseQ ... 1.3 
where © - is the angle of radius vector, 
0C2 - is a parameter describing the amount of quadrupole 
distortion 
Rjj - is the radius of the undistorted sphere. 
The surface and coulomb energies for small distortions are given^^ 
^ = B^ (1 • 2/5062) I 
o / , 2, i ... 1.4 
«c = 8c <^  - 1/5 ©C2) ! 
where Eg and E^ are the surface and coulomb energies of undistorted 
15 
spheres. For the charged liquid drop to toe stable against 
2 ft 
small distortions, the decrease in coulomto energy E = -ioCoB 
c <i^ c 2 2^ o 
must be smaller than the increase in surface energy E„ = —o6„E 
s 5 <* s 
The drop will become unstable when 
i Li = 1 or -^ = 1 
ASs K 
The f i s s i l i t y parameter (x) i s def ined as 
X « Sc/2*s . . . 1.5 
For X less than unity the drop will be stable against small 
distortions and for x greater than unity, spontaneous division 
of the drop will occur as there will be no potential energy 
barrier to prevent it. The expression for surface and coulomb 
energy for the idealized spherical nucleus have been given by 
1 2 / V Green as (in MeV) 
E° = 0.7103 Z^/A^/^ 
c 
B® « 17.80 A^^' 
substituting these values in equation 1,5 one gets 
X = Z^/50.13 A 
2 2*58 
Typ ica l va lue s of Z /A and x a re 35.56 and 0 .71 fo r -^ U 
2<52 
and 38.11 and 0.76 for ^ Cf.For Z g r e a t e r t han about 125 t h e 
16 
simple liquid drop model will predict no barrier. Hence these 
nuclei are expected to fission spontaneously in a time comparable 
to a nuclear vibrational period. 
The saddle point shapes for various values of x are 
24 illustrated in figure 1.6. As x decreases from unity to 0.7, 
the saddle configuration becomes stretched to a cylindrical shape. 
As X decreases further below 0.7, a well defined neck is developed 
in the saddle configuration and for x less than 0.6 the maximum 
elongation actually decreases. There is a sharp transition from 
stretching to necking-in with decreasing x, occurring at x = 0.67. 
For slightly larger value of x than this value, the total potential 
energy changes rather slowly with deformations near the equilibrium 
configuration and the barrier is rather flat. 
(b) STATISTICAL MODBL 
25 
For the asjnnmetric nature of the fission Fong proposed 
the statistical model based upon the compound nucleus theory. 
This model assumes the existence of a well defined scission 
configuration upto which strong nonadiabatic effects maintain 
statistical equilibrium and beyond which no nuclear interactions 
occur between the fragments. The relative probability of different 
scission configurations (characterized by mass, chaige, deformation 
and kinetic energy of the nascent fragments) is proportional to 
the density of translational and excitational states. To calculate 
the density of quantum states one approximates the nuclear 
configuration corresponding to a mode of fission specified by mass 
splitting, A^xAg, by two spherical nuclei of mass numbers A^ and Ap 
17 
X =0.0 
X = 0 5 
X ^ 0.3 
x = 0.4 
X = 0 6 
X = 0 7 
X = 0.8 
X = 0 9 
X = I 0 
"sure 1.6 saocie point .h„„„ ,o 
r various values of 
18 
in static contact, each excited by an energy E^ and Eg respectively, 
The level density of a nucleus of mass number A excited by 
energy E is given as 
WO(E) = C exp {2iraS) . . . 1.6 
where the parameters a and C are dependent on A, Prom the analysis 
of nuclei in the region of fission fragments, the values obtained 
by Pong are 
-0,005A 
a «= 0.050 A and C « 0.38e -^ 
Thus the density of quantum states of two nuclei system is 
given by 
N c» C J exp (2 /yja^i^) .Q^exp (2 ^ 8282) . . . 1.7 
where subscripts 1 and 2 indicate quantities relating to the light 
and the heavy fragments respectively. 
As the two fragments are formed in contact, they must have 
equal nuclear temperature T. According to the statistical model 
of nuclei 
E^SEg « a^T^SagT^ = a^:a. 
Talcing the total energy of excitation B = ^ I'^ 'Ep* ^^^ density of 
19 
quantum states 
N c=£ C^Cg exp 2 (a^+ag) B • . . 1.8 
In the case of symmetric fission, 
®1 * «2 = % * ^o " 2 a^ 
due to the parameter a being proportional to the mass number 
Here the subscript o indicates quantities relating to symmetric 
fission. Also assuming the ratio of probabilities of asymmetric 
to symmetric fission P/P^ equal to N/N^, we get 
C C 
p " r r ^ ' ^ ^ ^ / ^ o (/f^- /iB )^ . . . 1.10 
O 0 0 
In general, the ratio of probabilities of any two modes A 
and B is given by 
As C^ and Cg are slowly varying parameters, they can be neglected 
as compared to the rapidly varying exponential factor. 
20 
Therefore, the value of its total excitation energy B 
determines the prohahlllty of any fission mode solely. Due to 
this exponential dependence, a small change in E can result In a 
large change in probability. B is detennined by the following 
equation expressing energy conservation 
B = M* (A,Z) - M (A^,Z^) - M {k^,Z^) - B^^^^tic " ^ deformation 
. . . 1.12 
where M (A,Z) is the mass of the excited compound nucleus 
undergoing fission, M (Aj^ ,Z^ ) and M (AgjZg) are masses of the 
primary fission fragments in their ground states, Bjcinetic ®^ **^ ® 
total kinetic energy of the fragments and ^ Reformation ^^ *^® 
deformation energy of the fragments, ^deformation ®^ introduced 
due to the nascp-nt fission fragments being deformed and its value 
depends upon Aj^,A2, ^^t^o ^^^ ^' 
Prom equation 1,12 it is observed that the excitation 
energy is different for different mass divisions,different charge 
divisions and for different kinetic energy values. The corres-
ponding density of quantum states is also different. Thus it will 
lead to a mass distribution, a charge distribution and a kinetic 
energy distribution. This equation also shows that the excitation 
energy is different for different target nuclei, for different 
incident particles, and for different incident energies. Therefore, 
the relative fission probability varies with these fission conditions. 
The fundamental problems with this model are: 
21 
( i) The potential energy does not exhibit a minimunj at scission 
hut continues to decrease as one passes through scission. 
A scission configuration can only he defined hy the 
introduction of an arbitrary restraint such as touching 
fragments. 
(ii) The evaluation requires fragment deformation energies and 
level densities at deformations where direct experimental 
information is not available. Thus many applications 
involve empirical parameter* adjasting. 
The probability for differing mass splits is very sensitive 
to the mass defects of the deformed fragments which are strongly 
dependent on the shell structure of the final fragments. The 
shell structure also affects the absolute value of the level 
density for a particular excitation energy. 
The statistical aodel Is tbus capable, in principle, of 
amplifying small shell effects into large factors in mass and 
charge distributions. It is also caisable of accounting for the 
tendency of improbable mass divisions to become more probable as 
the excitation energy of the fissioning nucleus is increased, 
since a given shell effect becomes relatively less important as 
the total available excitation energy increases. It is due to 
the fact that increasing excitation energy probably destroys shell 
effects much more rapidly than is implied by conventional 
application of the statistical formalism by virtue of its effect 
on the relative contributions of different deformations at scission 
and the dependence of the level density on deformation. 
22 
The statistical model is capable, in principle, of 
predicting many otber properties of fission such as the most 
probable charge for a particular mass split, the dispersion of the 
charge distribution curve and neutron yields and energy spectra 
from individual light and heavy fragments in addition to mass and 
kinetic energy distribution. Many features of fission are observed 
to be consistent qualitatively with the statistical theory when 
shell effects are incorporated. 
1.3 IWBRACTION OF CHARGED PARTICLES WITH MATTER 
(a) INTRODUCTION 
Atoms consist of nuclei and electrons. If some of the 
negatively charged electrons orbiting the tiny, positively charged 
nucleus are removed from the atom, an ion is left. If heavy atoms 
undergo this process, they are called heavy ions. In the last two 
decades heavy ions have emerged as a major tool in atomic and 
nuclear physics. Light and heavy atoms ionised to a high degree 
resemble those found in hot stars. Hence,through laboratory 
experiments on earth the actual situation in stars could be 
simulated and clarified. 
If the highly ionised heavy ion impinges on a thin foil, 
it causes heavy destruction in the target atomic array, causing 
all kinds of defects by ionising the target atoms, removing them 
from their normal position and so on (Figure 1,7). 
In insulators these defects do not anneal quickly as in 
metals. Therefore, the local disorder can be made visible and is 
23 
u 40* 
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Fijrurr* 1.7 Tntproction of h^nvy ions with tho t n r g p t . 
Ton* A hpnvy ion trpvorsf^s through mnttpr causing d'»fects 
in th<» sol id l a t t i c e of the t a r g e t . 
Diddle; A heavy ion annroaches anoth«^r atom in such a way 
that t h e i r atomic she l l s strongly overlap and f inal ly even 
rearrangje around the pseudo-nucleus with the sum charge 
of nuclr»i , 
Bottoir.; The orojectile nucleus fuses with the target 
nucleus in a system with higli angular momentum and also 
internal enprgy. This system can break up in very 
.Uffer^nt ways. 
24 
actually used in many applications. Now if the heavy nucleus 
happens to travel towards the target nucleus on a straight path 
it loses more and more of its energy while coming closer and 
closer because of repulsive electrostatic force hetween 
projectile and target nucleus. 
Heavy ion experiments can he used to synthesize atoms far 
beyond the limit of the ones existing in nature. A large variety 
of questions related to the behaviour of nuclear matter can be 
answered by heavy ion experiments. 
(b) MOD^S OF INTBRACTTON OF CHARGITO PARTICLT^ S WITH MATTOR 
Charge particles such as protons, c>6-particles or heavy 
ions lose their energy in the stopping medium through three 
principle type of processes: 
( i) The coulomb force between the particles and the electrons 
orbiting the target nucleus can lead to the stripping of 
these electrons from their orbits, or in raising the 
electrons to less tightly bound states. These processes 
are called ionization and excitation respectively. 
( ii) Bremsstrahlung; Deceleration of the particles resulting 
in the electromagnetic radiation. 
(iii) The ejection of target atoms from lattice sites or out of 
molecular chains due to the direct interaction of electro-
static forces between the moving ion and the target nuclei 
themselves. 
25 
Bremsstrahlung is an important means of energy loss only 
for light particles such as electrons. Thus the total rate of 
energy loss can he given as 
^ ^^ -'total ^ *^ ^ -^ nuclear ^ ^"^ ^lecti 
1.13 
'to "* 'nucle * • 'electronic 
The total energy loss may he obtained by integrating over all 
possible values of W (the energy transferred to the scattering 
centres) between suitable limits 
¥ 
e max* 
Z'. H y N J W dv(B,W) . . . 1.1* 
V 
min. 
where d^ is the differential cross section for transfer of 
energy W by an incident particle of energy E. 
Ions having energies in 1 MeV region are scattered by 
the coulomb potential due to the positively charged nuclei of the 
target atoms. The differential cross-section according to 
Rutherford's scattering formula is 
A^fv w\ - Tf z^ Z^ e / m \ dW ^ ^ ^ 
dT(E,W) = / - \ -- . . . 1,15 
\ M ; w^ 
i'^^ C „ ) ^ \ M J W^ 
where ^ is the permittivity of free space, z, m and Z, M are the 
charge and mass of the incident particle and target respectively. 
For ions of energy greater than 1 MeV, the nuclear collision losses 
are small compared to electronic energy losses. Nuclear collision 
are important only at the end of heavy ion track. 
26 
26 27 Figure 1.8 shows * the stopping cross-section in 
silicon versus projectile energy per nucleon for different 
projectiles. The stopping cross-sections have been normalised by 
dividing them by the square of the projectile atomic number while 
the projectile energy has been divided by the projectile mass 
number. Here f is referred to the stopping cross-section (- rrT~)t 
Ndx 
as it gives the energy loss on an atom to atom basis. Prom the 
figure it follows: 
At high projectile velocities different curves converge 
to a single curve, while at lower values of B/m there are 
considerable differences between different curves. With increasing 
2 
projectile atomic number z, the maxima of €./z shifts towards 
higher velocity. At very low velocity a new contribution to the 
stopping cross-section is observed which increases with the mass 
of the projectile. 
The energy loss for different velocity regions can be 
described as follows: 
(1) High velocity region (E/m :^ 1 MeV/u) 
The stopping cross-section of a fully ionised light 
particle by excitation and ionization is given by the Bethe 
27-29 
equation 
2 
£ = li£!|_2! fin i ¥ - - in (1 - B ') - B- - r - -^  I 1.16 
o 
[ .„lVL..„<i- ,Vp^ |-f] 
where m is the electron mass, ^  = (v/c) and I is the mean 
excitation and ionization energy which is a property of the target 
27 
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atom. The term C/Z accounts for the shell corrections * 
arising from the nonparticipation of the inner shell electrons 
in the stopping process and is important only at lower energies. 
The term S/2 arising from the density effect is important only 
32 
at the high energy end . 
Neglecting smaller correction term, the specific energy 
loss expression can be written in a simplified form for the 
non-relativlstic region (v <CZl. c) as 
[ 2 m V -1 dE ^ i H l l e ^ N Z ml - r ^ i — I . . . 1.17 
dx BJ^v2 
(2) Low velocity region (E/m < 10 keV/u) 
When the ion velocity becomes small, its equilibrium 
ionic charge decreases as it starts capturing an appreciable 
number of electrons. At very low velocities (E/m ^  10 keV/u), 
the charge of the projectile ion is nearly complete and the 
collisions between the projectile and the electrons of the target 
atoms are almost elastic. The electronic energy loss is found 
to be nearly proportional to the velocity of the projectile. 
The theoretical descriptions for this energy region are given by 
Lindhard, Scharff and Schiott (LSS)^^ and Pirsov^^"^^. 
Another contribution to the energy loss arises from the 
Rutherford collision of the projectile with the target nuclei, 
known as the nuclear contribution. For light ions, the electronic 
energy loss dominates the total energy loss even upto the energy 
of the order of few keV, However, for heavy ions the nuclear 
29 
contribution starts dominating at low projectile velocities. 
(3) Medium velocity region (10 keV/u^ E/m <, 1 MeV/u) 
The Bethe expression is valid only when the projectile 
is totally ionised, which requires i.e. for hydrogen atom the 
energies greater than 100 keV, helium atoms greater than 1,6 MeV 
2 
and, in general, heavy atoms greater than 0.1 mz MeV. At lower 
energies, the projectiles are not fully ionised and during slowing 
down process there is a continuous ionization and recapture of 
electrons resulting in an "effective" charge of the projectile 
at any given instant. An emperical relation for the effective 
charge of an ion at low velocity gives 
« 
z = z Pi - exp (- 130^/z^/^) "1 . . . 1.18 
Thus in the beginning of its path when the projectile is 
fully ionised»the specific energy loss is proportional to the 
square of the projectile charge and increases with velocity roughly 
/ 2 
as 1/v , As the projectile slows down and electron pick up by the 
projectile becomes important, the effective charge of the projectile 
decreases and the specific energy loss starts falling off after 
going through a maximum. For heavy ions the maximum energy loss 
and the projectile energy at which this maximum is reached depend 
upon the mass and charge of the projectile. 
37 Figure 1.9 shows typical plot of specific loss along 
the path of the projectile for light and heavy ions in gaseous 
medium. These are known as Bragg curves. It has been observed 
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Figure 1.9 Bragg curves for heavy ions in methane. 
Gas d e n s i t y = 0.13lij mg/cm^. 
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that the energy lost by the particle in the last portion of its 
range is more sensitive to the particle type. 
(c) BANGE-SNERGY RELATIONS FOR HBAVY CHARGED PARTICLES 
The range of a heavy charged particle in stopping material 
is the quantity of practical interest which is related to the 
differential stopping power. It is defined as 
E 
0 
where the integration can be carried out in general only 
numerically as no simple analytical expression exists for the 
differential energy loss which is valid for the entire range of 
the projectile. Range energy relations are usually computed on a 
semi-empirical l»asis by making extrapolations from experimental 
stopping power data. 
For the non-relativistic case with v^C c, the particle 
range can be written as 
m m 1 v dv 
^ = -o — ^ ~" i T " • • • ^-20 
z* 4 ire NZ ln(2 m^jVVI) 
Thus for the energy region E/ra ^  1 MeV/u the particle ranges 
vary in a simple manner with respect to projectile mass, charge 
and velocity. For example, for He and \ e having same initial 
2 
velocity, the ranges are proportional to m/z . 
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According to Bragg Kleeman rule which provides an 
approximate estimate of the relative ranges of particles in 
different substances, the ratio of the ranges in two different 
materials is given by 
"i - !2 i Z i 121 
" " ~ — " " ^ ""^^^!T • • • ••• • ^J-
Rg d^ vTA-g 
where d is the density and A is the atomic weight. Figures 1.10 
and 1.11 present the range energy curves for the light charged 
particles and some heavy ions in Silicon (EG and G ORTRC catalogue) 
A power law of the form R = aE represents the ranges over a wide 
1 
range of particles and energies. The constant a^--' — r depends 
m * z 
on the identity of the particle and also on the absorbing material, 
whereas^b'is about 1.7 varying slowly with energy and type of 
particle. 
(d) SECONDARY ELECTRONS 
All the free charge pairs produced by an incident charged 
particles in a medium result from a direct ionising collision 
between the projectile and the target. Nearly half of the kinetic 
energy lost by the projectile is transferred to the orbital 
electrons in 'hard' collisions, producing S-rays which are 
secondary electrons having kinetic energies of several keV. These 
electrons slow down in the medium resulting in further ionisation. 
Thus the total ionisation is the result of a sequence of ionizing 
events, involving both thf incident particle and secondary 
electrons. 
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Figure 1.11 Range-energy curves for several heavy ions in s i l i c o n . 
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The incident ion releases the electrons having a broad 
spectrum of kinetic energies. Due to the nature of Rutherford 
scattering cross-section this spectrum is strongly peaked at 
low energies but extending upto V - I for electrons released 
from the ith electron shell where ¥„„^ is the maximum energy 
max. 
imparted to the electron and I is the ionisation potential. 
If the incident ion is a heavy ion of energy about 100 MeV 
and A = 100 amu, W imparted to the electron will be about 2 keV, 
' max. 
A S-ray of this energy would have a range in Al of about 50 mm. 
Such 6 -rays will produce a considerable amount of ionisation of 
their own and this ionisation will be spread throughout an 
appreciable volume of the stopping material along the path of the 
incident ion. The bulk of the energy carried by ^ -rays is 
deposited by within tens of angstroms of the ion path. Detailed 
calculation of energy deposition around the paths of ionising 
particles have been carried out by many workers . For fast 
ions about half of the energy loss is converted into the kinetic 
energy of electrons; from the remaining energy loss about half 
has been used up in the excitation of the electrons. The residual 
one fourth of the original energy is accounted for in overcoming 
42 the ionization potential of target atoms 
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2.1 NPCLEAR DBTBCTION 
(a) IMTRODPCTION 
ExperlMental studies In various areas of nuclear science 
and applications of nuclear techniques to other branches of 
science Inevltahly Involve detection of nuclear radiations, the 
studies of atoale and subatoalc pbenonena through energetic 
charged and uncharged particles and high energy quanta. The 
charged particles Include electrons, aesons, protons, alpha 
particles and other energetic Ions usually referred to as heavy 
Ions. Neutrons and the electronagnetlc radiations like x-rays 
and ^-ToyB are neutral radiations. 
Nuclear radiations are detected through their Interaction 
with Batter. The charged and uncharged radiations lose energy 
while traversing through natter. The energetic charged particles 
Interact by couloiA) Interaction with the electrons of the nedlua 
and due to this atoms and nolecules of the nedlun get excited 
and Ionized. These excitation and Ionization events are so 
nuaierous that the energy loss of the Incident particle Is 
continuous. Mostly nuclear radiation detectors are based on 
sensing either the free charge carriers or the photons. Those 
which depend on the detection of the free charge carriers are 
classified under the general category of ionization based 
detectors. The detectors sensing the innlnescenoe photons are 
called scintillation detectors. The detectors which operate on 
the basis of producing visible track along the trajectory of the 
iapinging charged particle are called track detectors. Since 
neutral radiations can not Interact with the aatter, their 
40 
detection is made possible by the process in the first step 
through some interaction with matter and then subsequent detection 
of the charged particle in the second step. 
The most commonly employed detectors are the gas detectors, 
semiconductor detectors and track detectors including the etchable 
solid state nuclear track detectors. The development of the gas 
detectors such as proportional counters, Geiger-Muller (GM) 
counter and avalanche counters are based on the internal ampli-
fication of free charge carriers by secondary ionization process 
in the gas through the application of a high electric field. 
Although the gas ionization detectors are amongst the oldest 
types of detectors, the development of semiconductor detectors 
in the early sixties was certainly a breakthrough in the field 
of radiation detectors because of their unmatched energy 
resolution capability. The gas detectors due to being position 
sensitive are in use in heavy ion reactions. The most well known 
of the detectors based on track visualization are the photographic 
emulsion plates, cloud chambers, bubble chambers, spark chambers, 
stronger chambers and solid state track detectors. All these 
detectors find applications in high energy and cosmic ray physics 
research and also in various fields. 
(b) SOUP STATE NUCLEAR TRACK PgTBCTORS 
Solid state nuclear track detectors include natural 
volcanic and man made glasses (soda lime, phosphate, silica etc,), 
minerals (mica, "nldote, quartz etc) and organic polymers 
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(cellulose nitrate, cellulose acetate, polycarbon-ate, CR-39 
plastic etc.)* These detectors known as dielectric track 
detectors are being used in several areas of research. 
The principle of detection of charged particles by the 
SSNTDs is based on the fact that the material of SSNTDs getf 
damaged trails along the trajectory of the charged particles 
while passing through them as a result of the excitation and 
ionization of atoms. The damaged part of the solid has different 
chemical and physical properties as compared to the undamaged 
bulk material of the detector and is known as the 'Latent Track'. 
Studies of the track registration properties of a number 
of substanc«=8for different charged particles at different energies 
have demostrated that the track registration property is related 
to the specific energy loss of the particle in the medium. For 
an etchable track, sufficient energy loss is required. The 
experimental studies also indicate a wide variation in the 
threshold specific energy loss to cause etchable tracks in 
different type of detectors. 
2.2 TRACK FORMATION 
(a) TRACK FORMATION IN SOLIDS 
The track production mechanism means the processes by 
which the charged particle alters the solid along its path to 
produce damaged trail. Ionizing particles passing through 
dielectric solids create intense trails of damage on atomic 
scale. The damage produced by irradiation of solids depends 
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upon the intrinsic properties of incident particles like mass, 
charge, velocity and the composition of the material of the 
detector itself. Particle tracks are formed in many insulating 
materials and some semi-conductors. The charged particle tracks 
in solids are narrow (<50 A radius), stable and chemically 
reactive centres of strain that are composed mostly of displaced 
atoms rather than electronic defects . The track registration 
property of the detector depends upon the sensitivity of material, 
3 
Solids with resistivity more than 2 x 10 ohm-cm generally store 
tracks. 
Different materials have different critical rates of 
2 3 
energy loss for track formation * , In plastics, ionizing 
radiations directly produce ionized and excited molecules and 
electrons. Some excited molecules may de-excite through the 
emission of radiation or through non-radiative transitions, 
Excitation energy can also he transferred from one molecule to 
another. Electrons are trapped at various sites or can combine 
with molecules to form negative ions or recombine with positive 
ions yielding excited molecules. Both ions and excited molecules 
may acquire considerable vibrational energy and undergo bond 
rupture to form a complex array of stable molecules, free radicals 
and radical ions. 
For inorganic crystals the effect of radiation upon the 
material will produce ionization and excitation of atoms or 
molecules. Slectrons are raised across the forbidden energy band. 
Some of these may return to the valence band via luminescence 
43 
centres with the emission of radiation, while others after 
diffusing through the crystal will either he trapped at the 
sites of various imperfections or will return via non-radiative 
transitions to positive ions. Low energy heavy ions will produce 
numerous atomic displacements directly through elastic collisions. 
(h) CRITERIA OF TRACK FORMATION 
Track formation in solids mainly depends upon-
( i) Total energy loss rate (J = dE/dx) 
(li) Angle of incidence of the ion with respect to the detector 
surface. 
dE 
The rate at which the ion loses energy (J = r—) or causes certain dz 
alteration in solid is related to the production of track in that 
material, The value of this energy loss J must be higher than a 
particular value called critical value Jc for track formation. 
The value of Jc varies from solid to solid but is same for all 
particles. 
The incidence angle of the ion with respect to the surface 
of the detector also determines the track formation in the 
detector. There exists a certain angle 6 (angle between the 
direction of incidence ion with respect to the surface of the 
detector) such that the incident charged particle entering the 
detector surface at an angle less than a certain minimum value 6 , 
its track can not be revealed by chemical etching. 
(c) THEORIES OF TRACK FORMATION 
When a charged atom of atomic number z traverses the 
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solid, its orbital electrons interact with the electrons of 
the atom of which the solid is made of. The result of these 
interactions is that the moving atom changes into ion as some 
of its electrons are stripped of« As the electrons are stripped 
» 
of, the moving atom acquires a net positive charge z arid is 
given hy 
z = z Tl - exp (- i30^ /z^ /^ )"l . . . 2.1 
where ^ = v/c, v is the velocity of ion and c the velocity of 
light. At high velocities where z = z, the dominant interaction 
is the coulomb force between the ion and the electrons attached 
to the atoms within the solid. These forces produce two effects: 
1, To excite electrons to higher energy levnls (excitation). 
2. To loosen electrons from their atoms and eject them 
(ionization) . 
Generally in solids, ionization is dominant. The 
ejected electrons are called delta rays and can produce further 
excitation and ionization if they carry enough energy. The 
primary ionisation occurs close to the path of the ion, while 
the secondary ionization and excitation spread over large 
radial distances from the core of the track. When the ion slows 
down in passing through solid, it eventually regains orbital 
electrons one by one as its velocity becomes comparable with the 
orbital velocity of less and less tightly bound electrons. 
At lower velocities (less than 50 keV/amu), the atomic collisions 
^5 
bficome the more dominant mode of energy loss. In organic solids 
such as crystals and glasses, the total damage is due to the both 
primary and secondary ionization and excitation. 
Different models proposed to explain the mechanism of 
track formation in different materials are: 
(1) Thermal Spike model 
(2) Displacement Spike model 
(3) Ion Explosion Spike model 
(4) Restricted Energy Loss model (REL) . 
(1) Thermal Spike model 
According to this model particle first gives energy to 
the electrons of the solid then it is transferred to the atom by 
electron-phonon collision, causing thermal motion. Due to this 
the incident energetic particle dislocates the crystal lattice 
and produces strong heating in the part of the solid that is 
traversed by the particle. This region is, therefore, raised to 
a high temperature and then cools rapidly via heat conduction to 
the surrounding solid materials* If the temperature is 
sufficiently high, it can cause permanent alterations thus 
causing tracks to be formed * . 
This model failed to relate the senstivities of different 
materials in any regular manner with a known melting, softening 
7 
or transformation temperature of detectors and also could not 
distinguish satisfactorily among the materials in which tracks 
could be formed and those in which the tracks could not be. 
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(2) Displacement Spike model 
According to this model particle alters the solid along 
the path by displacing atoms In the particle-nuclei collisions. 
This model was rejected as it could not explain why tracks were 
not formed in metals. According to it tracks should be more 
prevalent near the end of the range of energetic particles. It 
is due to the fact that the loss of energy by particle-nuclei 
collision becomes more efficient as the velocity of particle 
decreases. 
(3) Ion Explosion Spike model 
This model is based on the postulate that energy is first 
lost to the electrons of the atoms on the particle trajectory. 
p 
This semi-quantitative model was explained by Fleischer et al. , 
according to which the passage of a heavily ionizing particle 
creates a narrow region containing a high concentration of 
positive ions. As the time for electron-positive ion recombination 
is long compared with the lattice vibration time ({=2410 seconds), 
mutual repulsion can drive these ions into interstitial positions. 
Subsequently, the neutralization of the positive ions and 
relaxation of the surrounding lattice into the disrupted region 
take place and lattice strains are set up around the track core. 
The stepwise process for track formation in case of inorganic 
solid is explained as shown in figure 2.1. The incoming ion 
first knocks out electrons from the atoms in its way, thus 
creating an unstable array of adjacent +ve ions (Figure 2.1(a)). 
The charge centres or +ve ions, so produced, may produce secondary 
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Ficiir«» 2.1 (a) The incident heavy ion produces primary Ionization 
along its trajectory. Thus leaving an unstable array 
of •ve Ions (b) the +ve ions so created repel and knock 
each other from their normal sites and move into the 
interstitial space in the crystal lattice causing 
electrostatically stressed region (c) the stressed 
region relaxes elastlcally and propagates the strain 
in side-ways. 
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electrons or delta-rays from the atoms of the solid which may 
further produce excitation and ionization if they carry enough 
energy. The delta rays deposit energies around the trajectory 
of thp incident particle. Then the +ve ions repel and thrust 
one another away from their normal sites into the interstitial 
positions in the crystal lattice, thus creating vacant lattice 
sites due to their coulomb repulsive forces (Figure 2.1(b)), 
Thereafter the elastic relaxation reduces the intense local 
stresses by spreading the strain more widely (Figure 2.1(c)). 
It is the creation of the long range strain in the third step 
that makes the observation of latent damage trails possible 
using the transmission Electron Microscope (TEM) . 
In case of organic polymers or plastics the atoms are 
arranged in a chain like structure. It is believed that both 
the primary and secondary ionization and excitation play roles 
in the production of etchable tracks. The excited atoms 
produced by the incident ion lead to the breaking up of long 
molecular chains of the polymers. These broken molecular chains 
rarely reunite at the same place, rather they produce broken 
bonds and free radicals etc, which are chemically more reactive 
(Figure 2.2). 
The quantitative criteria for track formation are 
as follows: 
(i) For track to form, the coulomb repulsive forces within 
the ionised region must be greater than the lattice binding 
forces i.e. the "electrostatic stress" must be greater than 
k9 
Figure 2.2 Track formation in organic polymers (Plastics) 
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the mechanical strength of the material. If two atoms have 
received an average ionization of ne and are separated "by a 
distance*a*»the force between them and the electrostatic 
stress are 
r,2 2 2 2 
and • respectively where €. is the 
dielectric constant for the material, C© ^s the permittivity of 
free space. 
The total mechanical strength in terms of macroscopically 
measurable quantities can he obtained by equating it with 
Q 
mechanical tensile strength. According to Fleischer et al. 
a value of Y/10 (= 0.1 Y) has been taken for the mechanical 
strength of the material, where Y is Young's modulus of the 
material. Thus the criterion for track formation may be expressed 
as 
2 2 
2—2 _ > 0.1 Y . . . 2.2 
kV. C Co a 
2 Y 4-n: e Co a* 
or n^ > -2 = s . . . 2.3 
10 e^ 
g 
where S is called the stress ratio of the material. This stress 
ratio shows a fairly good correlation with the sensitivity of 
track recording materials. For polymers the ratio is?»iO,01 
whereas for inorganic crystals it is^^l. 
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(ii) The second condition gives that the track can he formed 
only if the electrons can not drain into the region from which 
the positive ions have been displaced by repulsion in less than 
-13 
one vibration time i.e. 10 seconds. If the positive ion 
"-13 
core is to survive long enough ("^10 seconds) for a track 
to form, the free electron density must be low. If the density 
of free electrons is n^ 
n ^ £-2 --. . . . 2,k 
TT a jJ^  kT t 
where jx is the electron mobility, T is the absolute temperature, 
k is the Boltzmann's constant and t is the diffusion time for 
electrons i.e. lattice vibration time. This condition is 
satisfied by insulators and poor semiconductors but not by metals 
and explains that tracks will be formed in the insulators and 
semiconductors but not in metals. 
(iii) The third condition for the latent track formation is 
that the hole mobility should not be too high in order to avoid 
recombination of ionised atoms and electrons. The tracks will 
not be formed in those materials whose hole mobility is greater 
than 10 cm /volt sec. 
(iv) The fourth condition is for the most successful method 
of track revelation (the selective chemical etching) .That there 
must be at least one ionization event per atomic plane i.e. 
the damaged region by the incoming particle must be continuous 
to the atomic extent along the trajectory of the charged particle. 
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The Ion-explosion spike model predicts the sensitivities 
of various track recording materials and accounts for the 
inability of metals and good semiconductors for revelation of 
tracks. 
(k) Restricted Energy Loss model 
A new criterion for the restricted energy loss was 
Q 
proposed by Benton^ in 1967. Along with the primary ionization 
it takes into account the secondary ionizations and excitations 
which are produced by low energy recoil electrons (low energy 
delta-rays). An etchable track is formed by the particle 
passing through the solid when the restricted energy loss of the 
particle exceeds the critical value. The restricted energy loss 
by the narticle due to distant collision between it and the 
electrons of the solid. 
2.3 TRACK REVELATION AND VISUALIZATION 
(a) BTCHING TECHNIQUES 
We take SSNTDs and immerse in suitable chosen medium 
like liquid, solution or chemical reagent. Different methods 
of etching are: 
1. Thermal etching 
2. Chemical etching 
3. Solution etching 
h. Preferential etching 
5. Electrolytic etching. 
We are here mainly concerned with chemical etching. 
The etchant attacks damaged region in preference to normal surface. 
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Bach SSNTD has its own etch parameters. 
The choice of etching solution, the temperature of the 
etchant and the time of etching are the critical parameters 
vhich must be taken into consideration during etching process. 
Etching solution should be so chosen that the tracks with very 
small angles are produced and surface of detector remains 
optically transparent. The etched tracks should have regular 
geometric shapes. Since the tracks should be enlarged enough 
to be seen under optical microscope, bulk chemical attack is 
must. Chemical polishes which tend to round corners are not 
suitable since they will obsecure etched tracks. Oxidising 
agents are found to be suitable etchants for a number of 
polymers because they result in required degradation i.e. 
breaking down of polymer chains at random along their lengths. 
The change in concentration of the etching solution 
also results in different responses for various types of 
10 
polymers. Benton observed that etching time becomes very long 
for lower concentrations. 
The temperature is most critical parameter for etching. 
Not only etching is very sensitive to temperature, but also the 
maintenance of temperature for several hours is very tedious job, 
The duration of etching can be fixed with an accuracy of a few 
seconds in several hours etching time. Sometimes, time and 
temperature may compensate each other e,g, a long etching at 
low temperature can give similar results to the short etching 
at high temperature. 
5^ 
Stirring during etching is important factor. Mechanical 
as well as ultrasonic stirring areused for uniformity of 
temperature and etch products hut sometimes the latter can result 
in the milkiness on the surface of the etched plastic sheets. 
All the above variations in various parameters of etching 
mechanism indicate that one has to choose one's own set of 
parameters,dependingonthe kind of tracks of charged particles 
to he revealed in a particular solid in an efficient manner. 
(b) O m C A L DOTSCTION OF RADIATION DAMAGE 
11 Price and Walker introduced a technique of enlarging 
the latent trails of radiation damage by treating with suitable 
chemical reagent. This process is called chemical etching. The 
radiation damage trails are more susceptible to chemical reaction 
as compared to other bulk material because of large free energy 
associated with the disordered structure. 
The rate of chemical attack along trails of radiation 
damage is called track etch rate, V_, and that along undamaged bulk 
material is called bulk etch rate^V^, 
The shape of the tracks depend upon the ratio of the track 
etch rate V^ to bulk etch rate V^ ,. The activation energy for the 
damage region is higher as compared to that of remaining bulk 
material. Therefore V^/\-y ± and thus the etchant produces a 
conical etch pit having a cone angle shown in figure 2.3. 
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T R A C K E T C H I N G G C O M E T H Y 
Original -Jurfac 
^ EtcK^.fi s u r t a c 
C^^ 
Fieurp 2.5 (a) Shows the shape of the etched trnck when Vg/V,p 1 
(h) No track formation, as the surface is removed at a 
greater rate than the normal component of V», 
(c) Sin VQ/V^ is the critical angle ©^ above which 
tracks are registered. 
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For etched tracks to appear, there is a certain critical 
angle G , the angle between the plane of material and the direction 
of particle,helow which tracks will not he registered by chemical 
etching although the condition AL, >• V^ , is satisfied. To understand 
it, suppose a charged particle is incident at angle 6 w.r.t. the 
detector surface as shown in figure 2.3. After the etching 
time t, the track length etched will be V_, ,t and the thickness of 
bulk material removed will be Vj,.t. Obviously, the recorded track 
will be observable only if the vertical component of Vm.t i.e. 
Vm.t. Sin 6 where © is the angle of incidence w.r.t. the detector 
surface is greater than V^.t, Critical angle is given by 
e^ = Sin'^ (Vjj/V^ ) . . . 2,5 
Generally V_ is much smaller than V_, and almost all the 
tracks appear in detectors (Lexan,CR-39,Makrofol etc.) and are 
cylindrical in shape. When V« = Vg, the shape of etched tracks 
may be large cones to etch pits. 
2,k TRACK PARAMETERS 
(a) INTRODPCTION 
The most intensive studies of track etching have been 
concentrated on track shape geometry. The information about the 
charge, energy and range of the ionizing particle is inherent 
in the well measurable parameters of the etched tracks. The most 
easily measurable parameters of an etched track are the etched 
cone length L, projected onto the detector surface and the major 
and minor axes D and d of the etch pit opening. As the chemical 
57 
etching of a particle's track in a solid depends upon the two 
etch rates namely track etch rate V-, and the bulk etch rate Vp, 
the ratio of two etch rates V-,/V„ is called the preferential 
track etch ratio V. This ratio determines many characteristics 
of the etched tracks. This etch rate ratio V, as a function 
12 15 
atomic number of the ions indicates the "sensitivity" of SSNTDs ' 
The measurable track parameters are the observed track length 1, 
track diameter D and the semicone angle Q. Figure 2,4 shows the 
track etching geometry for a particle penetrating the detector 
normal to its surface. In this case it is assumed that both 
Vm and V« are constant. The semicone angle ^ of the conical etched 
track is given by 
1 \ 
^ = Sin"-' — . . . 2.6 
^T 
The observed etched track length and track diameter after an 
etching time 't' are given by 
1 = (V^  - V^ ,).t . . . 2.7 
and 
D = 2 Vjj.tl ., , „ ] . . . 2.8 
Assume that the time required to etch the track to the 
end point of its trajectory is t_ (called the complete etching 
time) then 
L 
*c " ^ . . . 2.9 
^T 
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ORIGINAL SURFACE \ 
ETCHED SURFACE 
PARTICLE 
TRACK 
Vc.t 
Vrt 
-t. 
Figure 2.4 Track etch geometry for a constant V„ and V^, 
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where la^  Is called the maximum etchable track length or etchable 
range of the particle in the detector material. 
Figure 2,5 shows the track etching geometry for a particle 
penetrating the detector at an angle 6 to its surface. The 
projected track length 1 on the etched detector surface for 
etching time t < t is 1 . Then the observed etched track 
^ ^ c p 
length 1 Is given by 
1 
1 =: E—. . . , 2.10 
COS e 
Thus, if charged particles of a certain kind (fixed 
atomic number z, mass number A and energy E) enter a detector 
surface at different entrance angles ^y 9 (here ©^ is the 
critical angle for the detector),the measured projected track 
length 1 will be different although the actual etched track 
P 
length L should be the same. 
It is difficult to etch the tracks just to the end of 
the particles trajectory since the observations of etched tracks 
are made after suitable intervals of etching time. The track ends 
are seen to remain pointed for some etching time and then they 
become rounded off. When a little over-etching has been done 
beyond t = t^, the situation will become as shown in figure 2,6. 
The value of maximum etchable track length or true track 
length L^ of the particle track can be obtained with the help of 
[ -— p^ — n 
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\ Projected etched trjck 
profile on ctch'jj 5 
"*" ' detector surface 
Figure 2 ,5 Showing the pro jec t ion of etched track on the 
detector s u r f a c e . 
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I Original surfoce 
^ ^ '. i Vi 
XXXXXAAX<.XXXXXX N^XXX|XXXAXXXXXXXXXXXXXXX;^ 
^ • Etched surface 
A g ^ ^ t / s i n e 
L = Ip/cose • As - Ao 
Figure 2.6 Showing overetching and surface etching correct ions 
for etched t r a c k s . 
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Ik t h e following express ion 
1 V . t 
K ^ ^ * r ? - - * - Vp ( t - t ^ ) •• 1 + ^ e - A „ • • . 2.11 
^ cos e Sin e tJ c ' s " o 
where A _» A. ^^® surface and over etching corrections, V is 
bulk etch rate for detector surface, t is the etching time and 
t- is the complete etching time. 
(to) Etching Efficiency 
When the detector is irradiated with some external source, 
there must he some particles which are incident with less than the 
critical angle on the detector surface. Because of the existence 
of a non-zero critical angle © , the etching efficiency for the 
SSNTDs in 2Tr geometry can not "be 100%. The etching efficiency 
T^ is defined as the ratio of number of particles incident on 
the detector surface in the allowed solid angle (limited by 6 ) 
to the total solid angle 2Tr i.e. the fraction of tracks inter-
secting a given surface that are etched on the surface under 
specific conditions 
X = 
Number of tracks revealed on surface 
Number of tracks in intersecting surface 
1 - Sin e^ j 
1 - ^ . . . 2.12 
The etching efficiency depends purely on geometry of tracks. If 
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the value of V,p/V(j is large, the critical angle 6^ . should he small 
15,16 
and hence etching efficiency is more 
( c) Sensitivity of Detector 
Sensitivity of the detector is defined as the etch rate 
rfltio V as a function atomic number of the ions 
V = V^/Vg . . . 2.13 
Both Vp and V-, depends upon the temperature and concentration 
of etchant. Hence the effect of etching conditions on the detector 
sensitivity V^ /Vr. is much less pronounced than that on the 
17 ^ T individual etch rates. For heavy ion tracks in Lexan — was 
\ • 
found to be constant despite a temperature change from 50 to 80 , 
For cellulose nitrate, the detector sensitivity decreases with 
18 increasing temperature . The sensitivity of CN(R) depends 
strongly upon the etching temperature while that for Makrofol-i5 it 
19 is independent of etching temperatures , 
(d) Bulk Etch Rate 
The bulk etch rate, V- is defined as the rate at which the 
undamaged material of the detector sample is etched out by an 
etching solution under suitable etching conditions. Generally, 
one of the following techniques is employed for the measurement 
of bulk etch rate of SSNTD. 
(1) Thickness measurement technique 
(li) Gravimetric technique 
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(lil) Track diameter technique 
( iv) Simultaneous measurement of track diameter and etched track 
length technique. 
(l) Thickness measurement technique 
For determining Vp, direct thickness measurement after 
successive etching is a quick and reliable method. The thickness 
of the detector is measured in the selected region. The detector 
is then etched under suitable etching conditions for a fixed 
interval of time and thickness is measured after successive etching 
intervals. The difference between the pre and post etching 
thickness (Ah) gives etched out thickness in known etching time 
from both surfaces. Ah/2 gives the thickness of the layer removed 
from single surface of the detector. 
Let h^ be the thickness of sample at a particular point 
before etching and ho is thickness at the same point after etching. 
Then bulk etch rate is given by 
(h.-h2)/2 
^ At 
= - ^ . . . 2.1* 
A t 
A straight line can be obtained by plotting Ah/2 as a function 
of etching time t and the slope of the line gives the bulk etch 
rate V^. Here it is assumed that the bulk etching characteristic 
is same for both the sides of the detector. In some cases this 
graph may not be a straight line which indicates a depth dependence 
65 
of bulk etch rate V^ and it should he calculated at different 
u 
depths from different parts of the curve, 
(ll) Gravimetric technique 
This method is based on the measurement of the weight 
lost by a sample detector of known area after it is etched by 
the etchant of known concentration for a given period of time at 
a given constant temperature. To calculate VQ» the mass of the 
sample foil of SSNTD of known surface area S is determined before 
and after successive etching using a microbalance. Let A M be 
the dissolved mass in grams, during the etching interval time At, 
Then 20 
1 AM h , 
Vg = gg^ X ^ X 10 >um/min . . . 2.15 
3 
where ^ is the density of the detector material in gm/cm and 
2 
S is the surface area in cm . A straight line may be obtained 
by plotting the mass of detector piece as a function of etching 
time. The absolute value of slope of this curve = ^ can be used 
A t 
to find the bulk etch ra te V„, 
u 
(lii) Track diameter technique 
In some plastic detectors like Lexan, Makrofol etc.,track 
length is very large compared to the diameter. In such cases 
the track diameter measurement technique is applicable. If D is 
the track diameter in micro-meters obtained after etching the 
track detector for etching time t in seconds, then 
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i 
where V = V^/V^. I f V^ >^^^G' ^ ^^^ ^ *h®" 
D = 2 V(,.t 
or V- = i (D/t) jimls^,c. 
The above relation shows a linear relation between track 
diameter and etching time. Therefore, the slope of the plot of 
track diameter D against etching time will give 2 V„, Hence, 
1 
the hulk etch rate is determined hy taking half of the slope . 
Since the condition V » > 1 is not satisfied In glasses, this 
method is not applicable for glasses. 
(iv) Simultaneous measurement of track diameter and etched track 
length technique 
For the track geometry of a normally entering particle, 
the expression for bulk etch is given as 
V, = D,rD.^((D/2)^^L')^] . . . 2.17 
G 2t L2L L -J 
Thus for normally entering ion, track diameter D and track 
length L can be measured and V„ can be calculated using the above 
expression. Due to the experimental difficulty in measuring the 
actual track length of normally entering particle track, this 
technique is not often used. 
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(e ) Track Etch Rate 
The track etch rate,V^ is defined as the rate at which 
the detector material is chemically dissolved along the damage 
trail of particle's trajectory. The track etch rate is found 
to depend on the energy loss of the incoming particle and 
temperature and concentration of the etchant. Following techniques 
are generally employed for the measurement of the track etch rate. 
(i) Track diameter technique 
(il) Track length technique. 
, (l) Track diameter technique 
For this technique, a detector piece is irradiated to the 
surface with a known charged particle. The diameters of the 
tracks formed after successive etching intervals are measured. 
A graph is drawn between track diameter versus etching time. The 
track etch rate V™, can he calculated from the slope of linear 
portion of the curve using the expression 
T G 
with known V_, V^ can he calculated. The linear portion is 
chosen because Vm is supposed to be constant in this region for 
1 
small interval of etching time . 
(11) Track length technique 
A detector piece is irradiated at an angle less than 90 , 
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to the surface of the detector. The etched track length L can he 
expressed as 
t 
L = j V^.dt 
o 
^T *" "It or V^ - -fc- , . . 2.19 
where A L is the increase in track length for small etching 
20 21 time * , A t , In this equation corrected track length must he 
used. True track length can he oTitained with the help of the 
expression given by equation 2.11. 
A graph is plotted between actual track length and 
etching time. The track etch rate V™ can be obtained from the 
slope of linear portion of the curve. The linear portion is so 
chosen because V_, is supposed to be almost constant in this 
region for small etching interval. 
For small etching interval At, let the increase in 
track length be A L then 
' m "" M ^ • » . 2. 2 0 
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3.1 ALPHA-INDUCED FISSION CROSS-SECTION FX)R GOLD AND BISMUTH 
(a) INTRODUCTION 
The objective of the present work was the study of 
nuclear fission induced hy o6-particles in different (not so 
heavier) targets through measurement of the fission cross-section. 
With the advent of the accelerating machines such as the Cock-
roft - Walton generator, Van de Graaff generator, Tandem 
accelerators and the cyclotron etc, the high energy bombarding 
particles such as protons, deuterons, alpha particles and 
neuterons are available for nuclear reactions in practically 
all elements of the periodic table. Also the fission can be 
produced by charged particles such as oC-particles in many 
nuclides if the energy of the incident particle is sufficient 
enough to provide excitation above the fission threshold. The 
probability of occurrence of a particular reaction is measured 
in terms of cross-section which refers to an area of imaginary 
disc associated with the nucleus, through which if the bombarding 
particle passes, only then the reaction will take place. Studies 
on fission cross-sections and angular distribution of the fission 
1-7 fragments with various theoretical developments can provide an 
opportunity to study the variance of K quantum number (which 
represents the projection of nuclear spin on the symmetry axis 
at the saddle point) and the properties of transition state nuclei 
Prom the phenomenon registered inside h \^ geometry, a good number 
of real parameters will be available and particularly integrated 
cross-section can easily be obtained. Measured cross-section 
values can be discussed in comparison with known results about 
spallation reactions, referring to reaction cross sections 
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theoretically calculated from optical model, 
(b) BXPSRIMENTAL PROCBDURB 
The experiment has been carried out at Variable Energy 
Cyclotron Centre, Calcutta. The 22^ cm Variable Energy Cyclotron 
at Calcutta can provide oC -particles upto about 100 MeV. 
Unanalysed beam has energy resolution of 0.5% (FVHM) and analysed 
beam of 0.02^ 5i (FVHM), The frequency range of accelerating system 
is 5.5-18,0 MHz and the maximum Dee voltage Is 70 kV, The alpha 
particles of 57 MeV energy were used in the present experiment. 
(l) Target Preparation 
Circular discs from the sheets of Lexan and thin glass 
were used as fission fragment track detectors. They were 
carefully cleaned in double distilled water. A thin layer of 
target materials (natural bismuth and gold) were prepared by the 
standard volatilization process in high vacuum directly upon a 
sheet of detector disc through a circular dlaphran, over and 
close to this evaporated target layer, another foil of the 
detector similar to the first one and of the same dimension was 
placed. Both the detector foils were pressed and hard glued 
together on their whole surface around the target evaporation. 
The target layer is thus enclosed between the two detector discs 
as shown In the figure 3.1. This type of target sandwiched 
between two track detectors is required for the measurement of 
reaction events in kT\ geometry. 
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-I y ^ "I \|r V V >l' 4- vl^  
Detector 
discs 
Target 
•aterlal 
Figure 3.1 The sandwich technique. 
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The thickness of Lexan and Glass detectors was 220 )im 
and 150 )xm respectively. The thickness of Gold and Bismuth 
/ 2 targets evaporated on the detector discs was 250 jig/cm , In 
view of the anticipated small magnitude of the cross-sections 
for fission of the elements to he studied, the target purity 
is of critical importance. Target fabrication,therefore ,was 
done from the purest materials available at Variable Energy 
Cycltron Centre, Calcutta , Natural Bismuth and Gold foils used 
were 99.99^ specpure. 
(ii) Irradiation 
The arrangement for irradiation of the sample is shown 
in figure 3.2. The target sandwiched between two detector discs 
was fixed at the centre of the flange with the target holders. 
The aluminium target holder helps In rapid heat dissipation. 
A low conductivity water (LCW) jet is used to cool the flange 
at the back side. The diameter of the external alpha beam was 
^^10 mm. The emergent beam passed through a focussing magnet 
and was then collimated into the experimental area through a 
tantalum collimator. This collimator restricted the beam area 
to a circle of 8 mm diameter. The exposure to incident oO-particles 
was made perpendicular to its surface. The beam current was kept 
very low and the exposure time was adjusted to avoid the overlapping 
of fission fragment tracks and according to the fission cross-
sections. The alpha-particle flux was monitored by the charge 
collection method using a Faraday cup which was kept closely 
behind the target and was coupled to a calibrated charge integrator. 
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^ ^ ^ ^ ^ ^ ? ^ ^ ^ ? j ^ ^ ; ^ ^ ^ ^ ^ 
^-Beam 
1. Valve gate 
2. Tantalum col l imator 
3 . 0 . r ings 
k. LC¥ i n l e t 
5. Target mater ial 
6 . Detector discs 
7. Tc current i n t e g r a t o r (faraday cup) 
8. I i i sula t ion sleeve 
9. Screw 
10. pprspex flange 
11. LCW outlet. 
. ^ ^ ; ^ ^ : ^ ^ ? ; ^ ^ ^ $ j j ^ ^ ^ 
Figure 3.2 Experimental set up used for irradiation. 
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The incident ofr -particle energy used in present investigations 
was 57 MeV and the inherent c6 -particle t>eaa spread was 0«5 MeV* 
(ill) Track Revelation 
After exposure, both detector discs were separated and 
the target layer was dissolved in aque-regla. The aque-regia 
does not have any cbemlcal reaction on Lexan or Glass detector 
discs. After this, the detectors were washed with alcohol and 
finally with double distilled water and then dried. For the 
revelation of tracks, the detectors were etched. The etching 
conditions used for the fission fragnent tracks, in Glass and 
Lexan detectors are given in table 1* The etching was done by 
hanging the detectors in the etching solutions contained in a 
cylindrical flask and naintained at a constant tenperature with 
^1 C accuracy by placing it in a high precision thermostatic 
water bath. After the etching, the detectors were washed thoroughly 
in flowing tap water for 5 to 10 ninutes. The tap water quickly 
stops the etching by the left-over etcbant on the detector. After 
washing with the tap water, the detectors were again washed briefly 
with double distilled water and' then dried. The region of the 
detector danaged due to the passage of fission fragments is 
attacked more rapidly by the etchant than the surrounding bulk 
material of higher molecular weight. After the preferential 
chemical attack, daneged region is enlarged in the form of a 
conical etch-pit. When the size of the etch-pit becomes comparable 
to the wavelength of visible light after proper etching, it starts 
scattering the light and can be observed through an optical 
microscope. Thus with the help of this technique, the correlated 
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Table 1 
Details of etching conditions used in the present investigations 
T 
Name of the 
detector 
Etching 
solution 
Etching 
temperature 
(•c) 
Etching time 
after which 
measurable 
fission tracks 
appeared 
Glass 
(soda lime) 
48% HF 23 •»• 1 5 seconds 
Lexan 6N NaOH 60 •»• 1 15 minutes 
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fragment t racks issued from a bombarded nucleus can be v isual i sed 
(Figure 3 .3 ) . 
(iv) Scanning 
The track detectors (Lexan and Glass) used in the present 
study to detect the fission fragments produced due to (o6, f) 
reaction do not detect the low z ions and also the recoils of 
nuclei belonging to the target and/or leave very short tracks 
in the detector materials. The range of fission fragment tracks 
are generally longer than 10 /im, while the recoil tracks are 
usually visualised with range shorter than 2 or 3 /"n. At the same 
time heavy fission fragment tracks resulting from fission reaction 
are visualised as the correlated event. Therefore, the fission 
tracks can very easily be distinguished from the tracks resulting 
from other possible reactions. 
To find the track density resulting from the fission in 
target nuclei, the whole area of the detectors covered with target 
material was scanned through binocular research microscope under 
the magnification 450X, fitted with an eyepiece provided with 
grid marked graticule. 
(c) CALCULATIONS 
o 
Considering an unit surface area (1 cm ) let 
n^ — The total number of fission events registered in track 
detectors 
N — The number of target nuclei inside the unit surface 
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Beaa direction 
N.;^  Detector 
^-•^dlecB 
^N^^Correlated (event) 
fragaent tracks 
Figure 3.3 CorrelAted fragment t racks 
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N — The total number of incident particles, integrated during 
the exposure time. 
The number N. of incident particles is obtained by measuring the 
charge collected in the Faraday cup throughout the exposure, 
PoroC -particles the value of N. can be evaluated as 
N. = T? . ' particles * . . 3.1 
^ ^ 1.6 X 10-19 
where I i s the In t ens i ty of the beam and t i s the exposure t ime. 
The f i ss ion cross-sect ion i s described by the following 
expression 
°f 
N . N^ 
3.2 
where n- is obtained by counting of correlated events, 
(d) MBASPRlgM^NT ACCURACY 
( i) The relative counting error in scanning is statistical 
error and is estimated to be about 3-^%. It must take 
into account that the systematic losses of tracks near 
the horizontal plane which could be etched away during 
the chemical development and/or absorbed inside the 
target layer. These systematic losses are estimated to 
be of the order of 1,0%, 
( il) The number N of target nuclei is proportional to the 
thickness of the target and thus depends on the accuracy 
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in the determination of the thickness which is estimated 
/ 2 to he about 35 >ig/cm . 
(iii) The beam intensity is subjected to fluctuations during 
the exposure time, mainly when the intensity is small. 
For the present experiment — — ^ 6%. In the exposure 
time there is negligible error. 
The errors have been obtained from above estimates. 
(e) RISUITS AND DISCUSSION 
197 
The results obtained from the measurements for Au 
(o6,f) and "si (oG>f) reactions at E^^ = 57 MeV have been 
presented in table 2. The given errors take into account the 
errors due to various factorsmentioned in the text. Lexan track 
detector was found to be more sensitive and convenient for the 
observation of fission fragment tracks. 
Tables 3(a) and 3(b) present the data on fission cross-
8-10 
section at nearby alpha energies measured by other workers . 
The variation of fission cross-section with incident ©0-energy 
is quite fast. Our measured values agree reasonably with others 
cross-section measurements at nearby energies. 
The total reaction cross-section 'Vp is composed mainly 
of four terms' 
R 
.9 
^ p = 1.(06,xn) + X^oOjI'xn) + 1. (©CoOxn) + ^ ... 3.3 
R 
(oG,xn) increases upto a maximum value and then decreases with 
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Table 3(a) 
Comparison of f i s s ion cross-sect ion at nearby energies measured 
197 h^ 
in other accelerator labs for Au • Tie 
SI. Energy Measured Reference 
No. MeV fission cross 
section (^ *) 
(mb) 
1. 57.0 26 *^ 3 Present Work 
"" (using Lexan detector) 
2. 57.0 28 j^  3 Present Work 
"" (Using Glass detector) 
Q 
0.28 Huizenga J.R, et al. 
9 
26 +^  3 Ralarosy J, et al. 
Q 
3 4 + 3 Ralarosy J. et al. 
6. 103.0 100 + 10 Gindler J. et al.^° 
3 . 
4 . 
5. 
42.8 
58.0 + 1.2 
64.0 + 1.3 
8k 
Table 3(1)) 
Comparison of fission cross-section at nearby energies measured 
in other accelerator labs for ^Bl • ^ e 
5 , J 
S I . Energy Measured Reference 
No. MeV fission cross 
section (^ -) 
(mb) 
1. 57.0 245 i 25 Present Work 
"" (using Lexan detector) 
2. 57.0 268 • 27 Present Work 
~ (using Glass detector) 
8 
Huizenga J.R. et al. 
9 
Ralarosy J, et al. 
9 
Ralarosy J. et al. 
9 
Ralarosy J. et al. 
7. 103.0 ii60 + 50 Gindler J. et al.^° 
3 . 
k. 
5 . 
6 . 
42.8 
46.5 + 0 .9 
58.0 • 1.2 
64.0 • 1.3 
7 . 3 
3 6 + 4 
220 • 23 
340 1- 29 
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Increase in incident alpha energy, ^ ^ , p x n ) increases regularly 
with the increasing incident energy. V^{c<,,o^xn) also increases 
with incident energy hut with much lower slope than ^ (o<i,pxn) 
and little lower slopes than ^r-fl "^f increases with increasing 
incoming energy very quickly hut varies more slowly later on. 
The variations of TV^^TI, as a function of the incident 
f R 
9 
energy are presented in tahle 4, It can he ohserved that for 
°'AU and ^Bi nuclei, "«;rf is unimportant at 43 MeV hut increases 
fast with increasing energy. 
Present measurements are the preliminary measurements for 
the systematic study of fission for lighter targets at different 
alpha energies availahle at Variahle Energy Cyclotron Centre, 
Calcutta, 
86 
Table k 
Variation of ^f/^p ^^ ^ function of the incident energy and 
as a function of the atoaic nuaber of the target 
Target/Energy 43 60 80 103 
(MeV) 
Au 0.00035 0.012 0.027 0.042 
Bi 0.0035 0.12 0.16 0.20 
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3 . 2 ^^^Xe ION TIUCK REGISTRATION IN MAKROFOL-KL POLYCARRONATR 
( a ) INTRODUCTION 
Solid State Nuclear Track Detectors (SSNTDs) are widely 
used for ion registration investigations. As the polycarbonate 
is insensitive to light charged particles, x- and Y-rays, it 
is well suited for heavy ion work e.g. composition of cosmic 
rays, heavy ion nuclear reactions and exploration of extra heavy 
11 12 
elements etc. ' The information about the charge, energy 
and range of the ionizing particle is inherent in the well 
measurable parameters of the etched tracks (track length and 
track diameter etc.) as a function of etching time. In other 
words the information about the charge, energy and range of the 
ionizing particle can be obtained from the size, shape and rate 
of enlargement of the etch pit as a function of etching time. 
Therefore, to identify heavy ions, the track detector should be 
calibrated using some ions with known atomic number and energy 
under given etching conditions for the revelation of latent 
damage tracks. The bulk etch rate V^ and track etch rate V„ 
U T 
decide the geometrical shape of the etched track and the optimum 
etching conditions can be decided for controlled calibration 
experiment. 
(b) TARGT^ IT PREPARATION 
Thin s h e e t s of Makrofol-KL d e t e c t o r a r e p r o d u c e d from 
B i p h e n o l A - p o l y c a r b o n a t e (compositiontCjLgHjLj^O-) and a r e manufac tu red 
by F a r b e n f a b r i - k e n , Bayer A , G . , L e v e r k u s s e n (West Germany) . 
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Several circulnr discs of diameter 5 cm were punched from 
20 yum thick sheets of Makrofol-KL polycarbonate. The stacks 
were prepared by gently pressing four to ten such pieces together 
and were mounted on slide glass backing for irradiation (Figure 5,k) 
(c) IRRADIATION 
The stacks of Makrofol-KL detectors were eicposed with a 
well collimated, an isotopically pure Xe ion beam (11.56 MeV/n) 
at nuclear track irradiation facility XD channel of Universal 
Linear Accelerator, UNILAC (Heavy Ion Accelerator) at GSI 
(Gesellschaft fur Schwerionenforschung)^Darmstadt (West Germany). 
The heavy Ion accelerator UNILAC is a high frequency linear 
accelerator canable of providing energy upto ^ 5^ 20 MeV per nucleon. 
The ion source produces highly charged heavy ions. An isotopically 
pure beam is selected and injected into the beam line at high 
D.C. potential. 
The irradiation of the stack was done at an incident angle 
• /i 5 
of 45 to the detector surface at an optimum dose of 10 - 10 
2 
ions/cm , The ion beam is homogeneously dispersed onto the sample 
which is inserted using a sample inlet pneumatic system. A 
schematic representation of the nuclear track irradiation facility 
13 is given in figure 3.5. The ion beam for the irradiation is 
focussed to the desired cross-section through a magnetic quadrupole 
lens. Only a fraction of the available cross-section is actually 
used for irradiation of the sample by the beam aperture. Thus, 
only the flat central part of the approximate Gaussian beam profile 
is used for the irradiation of the sample surface. At low 
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J 
o 
'1 
1 
Figure 3.^ Foil holder for thin targets. Samples of 50 nn In 
diainetpr and upto lOG um in thickness are clamped 
into the base plate of the foil holder using a 
locking ring. The dimensions marked on the drawing 
a re i n mm. 
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Ion Beam 
• y ^ i B 
•-^mtti 
iisasu! 
Magnotic Lens 
Mnirnotic Dpfl^ctor 
Bpam Profile Monitor 
Slow Shutter 
Past Shutter 
Beam Aperture 
Image Intensifier/ 
Video Camera 
V 
Sample 
Transmitted Particle 
I * Detector 
Scattered Particle 
Detector 
Faraday Cup 
Figure 3.5 Schematic diagram of nuclear track irradiation facilit; 
The ian beam Is homogeneously dispersed onto the sanpl 
which is inserted using a sample inlet system. The 
accumulated dose is monitored via a particle detector. 
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intensities, the team profile is monitored lay a sensitive 
fluorescent screen which is observed through an image intensifier/ 
video camera system. The accumulated dose is monitored by a 
scattered particle detector. The ion beam can be switched off 
after the desired dose value is reached. 
(d) T5TCHING 
The etching conditions used in the present work for 
Makrofol-KL detector are listed below: 
(a) Ktchant - KOH 
(b) Concentration - 6.25N 
• • 0 e 
(c) Temperatures - 55 , 60 , 65 , 70 C. 
The etching was done by hanging the detectors in the etching 
solutions contained in a cylindrical flask which was kept in a 
temperature controlled high precision thermostatic water bath 
maintained at a constant temperature with ^ 1 C accuracy. After 
each interval of etching, the detectors were washed thoroughly 
in flowing tat> water for 10 minutes. The detectors were again 
washed with double distilled water and then dried by an infrared 
lamp (keeping the detector at a distance of ^  50 cm away from the 
lamp) before observations under the microscope. The measurements 
were made with a binocular research microscope having magnification 
of 675X. 
(e) MEASUREMENTS 
(i) Bulk Etch Rate V^ , 
The bulk etch rate V„ is defined as the speed with which 
92 
the undamaged regular material of the detector is removed hy an 
etching solution. This process happens as well on the regular 
surface of the detector as on the new surfaces inside of an etch 
cone of a track. For measuring the bulk etch rate, the thickness 
measurement technique was used. For this purpose, some 
unirradiated pieces {k x k cm ) ot Makrofol-KL detector were 
thoroughly cleaned, washed and dried. The thickness of different 
parts of the detector was directly measured with the help of a 
dial type micro-thickness gauge having a least count of 0.5/im. 
A region was selected and marked on the detector where the thickness 
was perfectly uniform. 
The detectors were then etched under specified conditions 
i,e, etched in 6,25N KOH solution keeping the temperature constant 
» 0 9 O 
at 55 , 60 , 65 and 70 C respectively^for successive etching 
intervals of ten minutes. Thickness of the detector in the marked 
region were measured after every etching interval. The measurements 
were taken atleast at 25 places to obtain the average value. 
Table 5 presents the results of thickness measurements 
• • • • 
at 50, 60, 65 and 70 C respectively. The difference between the 
two thicknesses (Zih), before and after etching, gives the dissolved 
thickness of the detector from both the surfaces during ten 
minutes etching time, ^h/2 with respect to the actual thickness 
gives the layer removed from the single surface of the detector. 
The graphs between removed layer from one surface (^h/2) 
and etching time (t) as the least square fits are the straight 
lines shown in figures 3.6(a),(b),(c) and (d). The slopes of the 
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Figure 3.6 Showing variation of reaoved layer froa single surface 
with etching time at (a) 55 C and (b) 60 C 
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lines give the bulk etch rate« 
V„ = ^ . . . 3.* 
G ^t 
which are found to he O.OO3I/im/minute, 0.0062/im/minute, 
9 e 
0.014/Jffl/minute and 0.02/ira/minute at the temperatures 55 , 60 , 
0 • 
65 and 70 C respectively. 
(ii) Track Etch Rate V^ 
The track etch rate V^ is the speed with which the tip 
of an etch cone moves along the latent track during the etching 
process. For track etch rate, the track length measurement 
.. 1, 4 12,15 technique was used. 
After irradiations the foils of Makrofol-KL were removed 
from the stack and numbered. The surfacp area where the tracks 
are to be expected, was marked with a sharp needle before etching. 
This helps later in locating the etched tracks under the microscope 
and also to maintain uniformity for the track length measurements. 
In Makrofol-KL detectors, the atoms are arranged in a 
chain like structure. When an energetic charged particle passes 
through the detector, the excited atoms are produced. These 
excited atoms break the long molecular chains by ionization and 
excitation which are very rarely rejoined and thus cause intense 
damage in the detector called 'latent track'. As the detector 
used in the present work was thin (20^m) and irradiation was made 
with quite high energy ^ Xe ions (11.56 MeV/n), the ions penetrate 
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through some of the detectors. Because of penetrating latent 
tracks in the detector, hoth side surface etching was not suitable 
for successive etching as required for track etch rate measurement. 
In order to avoid the etching on both the surfaces, small pieces 
of the detector material were fixed with an alkali and temperature 
resistant adhesive (Araldite) on clear glass slides which allows 
the etching only from one surface of the detector. 
After successive etching, when well defined narrow tracks 
were observed at ordinary magnification, etchable track lengths 
(projected) were measured at random all over the premarked detector 
surface to average out the effects due to non-uniformity of the 
detectors. The projected track lengths were observed with the help 
of microscnle eyepiece and Censico Optical microscope having a 
least count of O.I5 iim at a magnification of 675X. The measurements 
for track lengths were made after successive etching intervals. All 
the track lengths were measured by noting the distance between the 
centre of the ellipse on the surface of the foil to the tip of 
the track inside the foil. The projected track length data are 
the average value of a"bout 100 measurements. Using the measured 
data, the true track lengths were obtained with the help of the 
15 following expression 
Where 1^ is the projected track length on the surface plane of 
the foil observed under the microscope; e, the angle of incidence 
of the ion on the detector surface; Vp, the bulk etch rate fo 
G' • r 
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detector surface; t , the etcbing time ana t^ i s the complete 
etching t ime. 
•i'Zf. 
Since in the present case Xe ions penetrated through the 
detectors, the overetching correction term is not required. So 
the expression can be simplified as 
L = E- + -2. 
Cas © Sin © 
• • • 
= 1 + A . 
3.6 
where 1 is observed track length and A g is surface etching 
correction. Tables 6 to 9 present the results of the observed 
track lengths and calculated true track lengths after applying 
relevant correction with successive etching time intervals at the 
• • • • 
temperatures 55 , 60 , 65 and 70 C respectively. 
Variation of track lengths versus the etching times 
• • • • 
at constant temperatures 55 , 60 , 65 and 70 C as the least square 
fits are straight lines as shown in figures 3.7(a),(b),(c) and (d). 
11 The slopes of the lines give the track etch rate-, 
V = ^ 3 7 
^T ^t . . . 5.7 
where AL i s the change in t rack length during the etching time 
A t . The track etch r a t e s are found to be 0,622/im/minute, 
0.964 ;im/minute, 1.855/im/minute and 1.903 Mm/minute at temperatures 
• • • • 
55 , 60 , 65 and 70 C respec t ive ly . 
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Table 6 
yarlatlon of etched track length with etching tine for Makrofol-KL 
in 6.25N KOH at 55 C at an angle of incidence 6 » 45 
I 1 I I 
Etching ti«e Projected Observed Surface True etched 
track length track length etching track length 
correction 
(nin) 
8 
10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
IpCa*) 
7.02 
7.90 
8.78 
9.65 
10.57 
11.43 
12.26 
13.15 
14.02 
14.89 
15.78 
16.67 
17.59 
17.38 
1 (jw) 
9.93 
11.18 
12.42 
13.64 
14.95 
16.16 
17.34 
18.59 
19.82 
21.05 
22.31 
23.58 
24.88 
24.58 
s<F-) 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
0.11 
0.11 
0.12 
0.13 
0.14 
0.15 
hijim) 
9.96 
11.22 
12.47 
13.70 
15.02 
16.24 
17.43 
18.69 
19.93 
21.16 
22.43 
23.71 
24.92 
24.73 
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Table 7 
V a r i a t i o n of e tched t r a c k l eng th w i th e tch ing time fo r Makrofol-KL 
In 6.25N KOH a t 60 C a t an angle of inc idence © = 45 
— — — • T - 1 1 I 
Etching time Projected Observed Surface True etched 
track length track length etching track length 
correction 
(mln) 
6 
8 
10 
12 
Ih 
16 
18 
20 
22 
24 
26 
28 
lp(f«n) 
5 .46 
6 , 8 4 
8 . 8 7 
9 . 5 2 
1 0 . 9 0 
1 2 . 2 3 
1 3 . 5 8 
1 5 . 0 0 
1 6 . 4 2 
1 7 . 9 1 
1 7 . 6 0 
1 7 . 5 8 
l( / im) 
7 . 7 3 
9 . 6 7 
1 2 . 5 5 
1 3 . 4 6 
1 5 . 4 2 
1 7 . 2 9 
1 9 . 2 0 
2 1 . 2 1 
2 3 . 2 2 
2 5 . 3 3 
2 4 . 9 0 
2 4 . 8 6 
gCpm) 
0 . 0 5 
0 . 0 7 
0 . 0 9 
0 . 1 1 
0 .12 
0 .14 
0 . 1 6 
0 . 1 7 
0 . 1 9 
0 . 2 1 
0 . 2 3 
0 . 2 4 
L() I IB) 
7 .78 
9 .74 
1 2 . 6 4 
1 3 . 5 7 
15 .54 
1 7 . 4 3 
1 9 . 3 6 
2 1 . 3 8 
2 3 . 4 1 
25 .54 
2 5 . 1 3 
2 5 . 1 0 
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12 16 20 
Btcbli^ g time (nln) 
«t (a) 55 C and (b) 60 C 
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Table 8 
Variation of etebed track lengtb witb etcbing tine for Makrofol-KL 
in 6.25N KOH at 65 C at an angle of incidence 0 « 45 
' ^ ' 1 — » 1 1 
Etcbing ti«e Projected Observed Surface True etebed 
track lengtb track lengtb etcbing track lengtb 
correction 
(«in) lp<l»») 1(P") s^^"^ ^ ^ ^ 
2 
k 
6 
8 
10 
12 
14 
5.35 
7.94 
10.54 
12.93 
15.95 
18.29 
18.23 
7.57 
11.23 
14.90 
18.28 
22.55 
25.86 
25.78 
0.04 
0.08 
0.12 
0.16 
0.20 
0.24 
0.28 
7.61 
11.31 
15.02 
18.44 
22.75 
26.10 
26.06 
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Table 9 
Variation of etched track length with etching time for Makrofol-KL 
in 6.25N KOH at 70 C at an angle of incidence G = 45 
j 1 1 1 
Etching time Projected Observed Surface True etched 
track length track length etching track length 
correction 
(min) 1 (^ m) 1 (pm) s ^'^'"^  l'(pin) 
2 
3 
k 
5 
6 
7 
8 
9 
10 
12 
8.49 
9.76 
11.17 
12.50 
13.92 
15.28 
16.58 
17.71 
17.58 
17.41 
12.01 
13.80 
15.79 
17.68 
19.68 
21.61 
23.45 
25.05 
24.86 
24.62 
0.06 
0.08 
0.11 
0.14 
0.17 
0.20 
0.23 
0.25 
0,28 
0.34 
12.07 
13.88 
15.90 
17.82 
19.85 
21.81 
23.68 
25.30 
25.14 
24.96 
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Etching tine (nln) 
Figure 3.7 Sbowliig variation of track length with etching time 
at (c) 65 C and (d) 70*0 
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( f ) RESULTS AND DISCUSSION 
(l) Determination of Etching Efficiency 
The etching efficiency has been obtained from the relation 
*T 
The values obtained for etching efficiency are reported in table 10, 
It can be seen from this table that the etching efficiency at a 
given concentration is almost independent of the etching temperature 
for Xe ions incident on detector surface at 45 . This can also 
be observed from figures 3.8 and 3.9 which show that both V-. and V* 
increase with increase of etching temperature. 
(ii) Determination of Activation Energy for Bulk and Track Etching 
(l) Activation energy for bulk etching 
The bulk etch rate V„ of a SSNTD is a material parameter 
G 
and for a given detector material it depends upon the contents of 
1 fi 1 7 
the etching solution, its concentration and temperature * . The 
variation of bulk etch rate with temperature of etching, in 
analogy with chemical reaction,has been reported by several 
±k 18-20 
Investigators ' , According to activation complex theory of 
chemical reaction rates in etching process a rate called activated 
complex occurs where reactantsand products are separated by a 
potential barrier. A dynamical equilibrium is said to exist when 
the reactants and products pass over the barrier at a fixed rate 
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0.020 h 
0.018 U 
0.002 
Tea^erature ( C) 
Figure 3.8 Showing variation of V. with temperature. 
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2.1 f 
Tenperature ( C) 
Figure 3.9 Showi 
ng variation of V^ with temperature, 
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to the final state, i.e. the product state. The rate of passing 
through the activated complex state is analogous to hulk etching 
rate of the material in the etchant. The rate is proportional 
to the change in free energy between the initial and final states 
for this reaction. The bulk etch rate is generally found to 
increase exponentially with the absolute temperature and follows 
21 Arrhenius equation 
VQ = 06 exp (- BQ/KT) . . . 3.8 
where E« Is the activation energy for bulk etching;e6 -Is a 
constant; T is the temperature of etching solution in Kelvin, 
-23 -1 
and K is the Boltzmann constant (1.38 x 10 J.K or 8.625 x 
10 '^ eV,K ). Taking log of the equation 3.8 
In Vj, = Inoci - Bjj/KT 
\ 1 
K T 
Taking K in eV.K"^, 
or 
In V = 
i l l Vg 
I n V g = 
i^^io \ 
'a 1 , -, 
8.625 X lO'^ 
- 1.15942 X 10^ . ~ • Inoa 
T 
1.1594 . - 4 \ 
- - P . ^ n ^ ^ ^ 0 . ^ * l o g , , 
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l°glO ^ G = -5.035 X 105 . -£ + log^o 
l°glO \ = - 5-035 EG • ^ * 1^«10 
If log V is plotted as a function of lOOO/T one gets a straight 
line whose slope is given by 
Slope = - 5.035 \ 
X • • • 5•" 
or H(j(eV) = 0.1986 x Slope 
The graph of log^Q V^ versus lOOO/T K is shown in figure 3.10. 
The straight line represents the least square fit and the slope 
of the line gives a measure of activation energy for bulk etching 
which has been found to be 1,24 eV. 
(2) Activation energy for track etching 
The track etch rate»V>, depends UDon the material damage 
caused by the particle along its trajectory which in its own turn 
depends upon the primary ionization or restricted energy loss rate 
and hence on the particle's energy, its mass and charge. The 
activation complex theory of chemical reaction rates may also be 
applicable to the track etch rate V^ like bulk etch rate. For 
the track of a given kind of particle in a given detector material 
etched in a given etching solution, the track etch rate is also 
found to increase exponentially with the absolute temperature of 
the solution and is given by a similar type of relation 
H I 
I 
>^ 
0.02H 
0.01-
0,009 
0.001 
2 .9 2.95 3.0 3.05 
1000/T 
Figurf. 3.10 Showing variation of V with the reciprocal of 
temperature T*K. ^ 
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V^ = p X exp (- E^/KT) . . . 3.10 
where ^  is a constant; E™ is the activation energy of track etching. 
A similar expression for Em» as for hulk etch rate is given by 
Slope = - 5.035 «m J 
^ I . . . 3.11 
E^(eV) = 0.1986 X Slope i 
Figure 3.11shows the graph plotted between log^ ^^ Q V^ and lOOO/T K 
as the least square fit. The activation energy for track etching 
Ejj, has been found to be 0,78 eV. 
From the bulk and track etch rates the relative track etch 
rate i.e. track registration sensitivity (V = V^/V^) is found to 
decrease towards higher etching temperature. By calculating the 
cone angle k from the expression 
i> = Sin"^ V(j/V^  
it is found that for Makrofol-KL polycarbonate cone angle for 
Xe ion tracks etched in 6.25N KOH solution increases towards 
higher etching temperatures as observed in the table 10. 
113 
2 
1 
0.5 
0.1 
2.9 2.95 3.0 3.05 
1000/T 
Figure 5.11 Showing vnriation of V^ with the reciprocal of 
tprnperaturp T*K, 
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